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Abstract
The aim of the present study was to establish the extent of in vitro
radioresponse of lymphocytes among 62 healthy adults of both gen-
ders and to estimate the distribution of baseline micronuclei and
radiosensitivity among individuals of the study population using the
cytochalasin block micronucleus test. A younger study group con-
sisted of 10 males (mean age, 22.4 years; range, 21-27) and 12 females
(mean age, 24.8 years; range, 20-29), whereas an older study group
consisted of 18 males (mean age, 35.1 years; range, 30-44) and 22
females (mean age, 38.5 years; range, 30-48). For evaluation of
radiosensitivity blood samples were irradiated in vitro using 60Co γ-ray
source. The radiation dose employed was 2 Gy, the dose rate 0.45 Gy/
min. The study revealed a significant gender effect on baseline micro-
nuclei favoring females (Z = 3.25, P < 0.001), while yields of radia-
tion-induced micronuclei did not differ significantly (Z = 0.56, P <
0.56) between genders. The distribution of baseline micronuclei among
the individuals tested followed Poisson distribution in both study
groups and in both genders, whereas the distribution of radiosensitiv-
ity among individuals of the older study group did not fulfill Poisson
expectations (Kolmogorov-Smirnof test, P < 0.01). In contrast to a
nonsignificant difference in radiosensitivity between males and fe-
males of the same age group (Z = 1.97, P < 0.56), a statistically
significant difference in radiosensitivity between younger and older
group for both genders was found (Z = 3.03, P < 0.03). Since the
individuals tested were healthy, the observed variability in radiation
response is considered to be an early effect of ageing.
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Introduction
The assay most frequently used in geno-
toxicity testing is the induction of chromoso-
mal aberrations. However, the in vitro mi-
cronucleus test is also suitable for the evalu-
ation of genotoxicity (1-7) and is applied to
human biomonitoring (8,9). Since radiation-
induced micronuclei show a clear depend-
ence on radiation dose and its quality (10-
14), the micronucleus assay can be applied
as a biological dosimeter.
Micronuclei are chromatin-staining struc-
tures in the cytoplasm surrounded by a mem-
brane without any detectable link to the cell
nucleus (15). They are formed by exclusion
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of whole chromosomes or chromatin frag-
ments during cell division. Micronuclei are
visualized using different staining techniques
(Giemsa or fluorescent) and their frequency
is quantified microscopically.
The simplicity of micronucleus scoring
makes this test very attractive when large
numbers of cells must be analyzed. The as-
say has been recently applied to estimate
radiosensitivity and to the investigation of
individual variability in response to ionizing
radiation (16-18).
In a previous study by our group (19), the
cytochalasin B-blocking micronucleus test
was used to estimate the radiosensitivity of
human lymphocytes from males of different
ages (18, 45 and 65 years on average). The
results showed a slight increase in baseline
micronuclei with age, and wide variation in
number of radiation-induced micronuclei in
the middle-aged group. A subsequent study
(20) highlighted a significant gender effect
on baseline micronuclei, the lack of statisti-
cal differences between genders in the yield
of radiation-induced micronuclei, and
marked variability in radiation response
among individuals of the same age group.
The likelihood of expressing sensitivity was
correlated with the ability of cells to prolifer-
ate in vitro more than with the incidence of
radiation-induced micronuclei per micro-
nucleated cell.
The objective of the present study was to
determine the extent of sensitivity of the in
vitro radioresponse of lymphocytes from
healthy adults of both genders aged 22 to 40
years and to estimate the baseline distribu-
tion of micronuclei and radiosensitivity
among the individuals of tested population
using the cytochalasin block micronucleus
test.
Material and Methods
Subjects
The study was conducted on 62 healthy
individuals of Red Cross volunteers, 28 men
and 34 women not exposed occupationally
to known mutagenic agents. Blood samples
were obtained during a routine health check-
up only from healthy persons selected by a
physician. The subjects were divided into
two age groups as shown in Table 1. In the
male group, 4 of 28 subjects were smokers
and in the female group, 6 of 34 subjects
were smokers.
Irradiation
Blood samples were obtained by veni-
puncture using heparinized syringes and
needles. Two hours after blood collection, a
3-ml aliquot of each sample was added to a
sterile plastic test-tube placed in a 15 x 15-
cm Plexiglas container and irradiated using a
60Co γ-ray source. The radiation dose em-
ployed was 2 Gy, the dose rate 0.45 Gy/min,
the dimensions of the radiation field were 20
x 20 cm, and the distance from the source
was 74 cm. Blood samples were irradiated at
room temperature and cultured 1 h after
irradiation and non-irradiated samples were
used as controls.
Micronucleus analysis
Micronucleus analysis was carried out
on blood lymphocyte cultures stimulated with
phytohemagglutinin (2.4 µg/ml, Gibco BRL).
Whole blood (0.5 ml) was added to 5 ml
RPMI-1640 medium supplemented with 15%
calf serum and lymphocytes were incubated
at 37ºC. Cytokinesis was blocked by the
method of Fenech (1). Cytochalasin B was
added to the cultures at a final concentration
of 4 µg/ml 44 h after stimulation with phyto-
hemagglutinin. Seventy-two hours after cul-
ture initiation, cells were fixed in methanol:
acetic acid (3:1) after 5 min of mild hypo-
tonic treatment (0.56% KCl + 0.9% NaCl
mixed in equal volumes). Slides were air-
dried and stained with 2% alkaline Giemsa.
An irradiated blood sample and a non-irradi-
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ated control were analyzed for each subject.
For each sample 1000 binucleated cells were
scored and micronuclei were recorded using
a Zeiss microscope (400 or 1000X magnifi-
cation when necessary).
Statistical analysis
Data were analyzed statistically using the
software package “Statistic” for Windows
9.8, version 5.5. The Wilcoxon matched-
pair test was employed. The distribution of
spontaneously occurring and radiation-in-
duced micronuclei regarding gender and age
was assessed using the Kolmogorov-Smirnof
test.
Results
The results of micronucleus analysis are
presented in Table 1 and Figures 1 to 4. For
evaluation of radiosensitivity, baseline mi-
cronuclei were subtracted from those re-
corded for irradiated samples, representing
the level of radiation-induced micronuclei.
In the male group there was no statisti-
cally significant difference in baseline mi-
cronuclei between the two age groups (Wil-
coxon matched-pair test, Z = 0.05, P < 0.95)
but a statistically significant difference in
the yields of radiation-induced micronuclei
was observed between the two age groups of
males (Wilcoxon matched-pair test, Z = 3.05,
P < 0.03).
In the female group, no significant differ-
ence in baseline micronuclei was observed
between the two age groups (Wilcoxon
matched-pair test, Z = 0.31, P < 0.75),
whereas the yields of radiation-induced mi-
cronuclei differed significantly (Wilcoxon
matched-pair test, Z = 3.05, P < 0.002).
Considering the male and female group
as a whole, a significant difference in base-
line micronuclei was observed (Z = 3.25, P <
0.001), while yields of radiation-induced
micronuclei did not differ significantly (Z =
0.56, P < 0.56).
Table 1. Frequency of baseline and radiation-induced micronuclei in healthy adults of
both genders.
Group I Group II Total
Total individuals per group 22 40 62
Sex
Male 10 18 28
Female 12 22 34
Smokers
Yes 7 3 10
No 15 37 52
Median age of group (years) 23.6 36.8 32.1
Median age (males; females) 22.4; 24.8 35.1; 38.5 30.1; 34.1
Age range (males; females) 21-27; 20-29 30-44; 30-48 21-24; 20-48
Micronucleus count
Baseline
Male 6.9 ± 3.03 7.62 ± 2.91 7.35 ± 2.92
Female 9.83 ± 2.36 10.33 ± 3.04 10.02 ± 2.79
Total 8.5 ± 3.01 9.0 ± 3.21 8.83 ± 3.17
Radiation-induced
Male 220.10 ± 13.51 206.78 ± 73.72 211.53 ± 59.37
Female 225.0 ± 22.86 205.54 ± 46.18 209.52 ± 44.52
Total 222.77 ± 18.92 206.10 ± 59.31 213.10 ± 49.82
Micronucleus data are reported as mean number ± SD of micronuclei per 1000
binucleated cells.
Figure 1. Distribution of baseline micronuclei among individuals aged on average 23.6 years
(Kolmogorov-Smirnof test, d = 0.11, nonsignificant).
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for males and females of both study groups
did not differ significantly from a Poisson
distribution (Kolmogorov-Smirnof test, d =
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Figure 2. Distribution of baseline micronuclei among
individuals aged on average 36.8 years (Kolmogorov-
Smirnof test, d = 0.15, nonsignificant).
Figure 3. Distribution of radiosensitivity among indi-
viduals aged on average 23.6 years (Kolmogorov-
Smirnof test, d = 0.68, nonsignificant).
Figure 4. Distribution of radiosensitivity among indi-
viduals aged on average 36.8 years (Kolmogorov-
Smirnof test, d = 0.36, P < 0.01).
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0.11 and 0.15; Figures 1 and 2). The distribu-
tion of radiosensitivity among individuals of
the younger study group did not differ sig-
nificantly and also followed Poisson expec-
tation (Kolmogorov-Smirnof test, d = 0.68;
Figure 3). In contrast to the younger study
group, we found a significant difference be-
tween the yields of radiation-induced micro-
nuclei and the Poisson distributions in the
group of older individuals (Kolmogorov-
Smirnof test, d = 0.36, P < 0.01; Figure 4).
Discussion
Accumulated mutations seem to be the
main cause of accelerated ageing or cancer.
Many enzymes and regulatory proteins are
devoted to the repair of DNA damage be-
cause unrepaired DNA damage can lead to
mutations. Recent studies have pointed out
that more than 120 repair genes are involved
in the repair of DNA damage (21), suggest-
ing that it might be more practical to study
“repair phenotype” than to try to unravel or
predict phenotype from complete genotypic
information. Repair phenotype can be easily
recognized by provoking cell radioresponse
in vitro using a simple test such as the cy-
tochalasin block micronucleus test (22).
A significant gender effect on baseline
micronuclei favoring females has been pre-
viously reported (23) and confirmed in re-
cent large-scale studies (24,25). On this ba-
sis, we may hypothesize that X-chromosomes
play an important role in the occurrence of
micronuclei by interaction of their products
with receptors located on the nuclear mem-
brane and with proteins of the spindle appa-
ratus. Some studies demonstrated that an
inactive X-chromosome is preferentially in-
cluded in the micronuclei, suggesting that X-
chromosome hypodiploidy in aging women
is a related phenomenon.
Our earlier study showed a significant
gender effect on the baseline level of micro-
nuclei favoring females, which was con-
firmed in the present study. In addition to
determining the baseline level of micronu-
clei, we estimated radiation-induced sensi-
tivity in two groups of healthy adults of both
genders aged 22 and 40 years. Several im-
portant results were obtained: i) the distribu-
tion of baseline micronuclei followed Pois-
son distributions in both study groups of
both genders, ii) there was a nonsignificant
difference in baseline micronuclei between
the two age groups of both genders, iii)
marked variability in radiation-response was
observed among individuals near 40 com-
pared to those near 23 years old, iv) the
distribution of radiosensitivity among older
individuals did not follow Poisson expecta-
tions, v) in contrast to a nonsignificant dif-
ference in baseline micronuclei between the
young (23 years) and older (37 years) groups,
radiosensitivity differed significantly be-
tween older members of both genders and
young members.
Variability in radiosensitivity of a healthy
human population might be expected to re-
sult from a cumulative effect of the minor
differences in the efficiency of genes in-
volved in the response to ionizing radiation,
from individual susceptibility factors related
to micronutrient status, or from genetic poly-
morphisms of enzymatic defense against ra-
diation-induced toxicity. Genetic polymor-
phisms may be important in explaining the
individual variation in radioresponse ob-
served in different tests with human cells
(26). Our earlier study demonstrated that
individual sensitivity to ionizing radiation is
inversely correlated with the activities of
antioxidant enzymes such as cytosolic and
mitochondrial superoxide dismutases (27).
An important finding of this study was that
the distribution of radiosensitivity in the
group of 40-year-old individuals on average
did not follow Poisson expectations. The
marked individual variability observed in
this group ranged from a resistant (113-114
micronuclei per 1000 binucleated cells) to
sensitive radioresponse (364-378 micronu-
clei per 1000 binucleated cells). This obser-
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vation could be explained by ageing, due to
cumulative defects in the efficiency of repair
genes or of antioxidant defense mechan-
isms. Reduced repair efficiency and accu-
mulated point mutations due to ageing cer-
tainly could increase the levels of radiation-
induced micronuclei. A sensitive radiore-
sponse was not observed in the younger
subjects of both genders, possibly reflecting
differences in repair of damaged DNA and
the ability to pause while the damage is
repaired. This type of “phenotype repair” is
seen as a consequence of accelerated ageing,
which led to micronucleus distribution di-
verging from Poisson expectations. Ageing
is usually followed by disturbances in
micronutritient status and accumulated point
muations of repair genes: folate and vitamin
B12 concentrations are particularly impor-
tant determinants of micronucleus frequency
(28,29). Recent studies on men aged 50-70
years have confirmed these observations
(30,31).
Variability in radioresponse suggests that
individual radiosensitivity might play a cru-
cial role in radiotherapy. Knowledge of a
patient’s individual radiosensitivity before
radiotherapy could be of help in planning the
most appropriate clinical treatment.
In the near future, new information will
be obtained on polymorphisms affecting
DNA repair and genome integrity, which are
probably of special importance in modulat-
ing radiation effects. Fully understanding
the mechanisms of radioresponse and the
possibility to modulate it is expected to im-
prove the applicability of the micronucleus
assay to individualized radiotherapy schemes.
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